The molluscicidal activity of 12 phloroglucinol derivatives previously isolated from Elaphoglossum piloselloides, E. gayanum, E. yungense, and E. lindbergii, as well as 3 known acylphloroglucinols, now reported from an Argentine collection of Dryopteris wallichiana, was evaluated against the schistosomiasis vector snail Biomphalaria peregrina. Molluscicidal effects were analyzed and compared with those previously observed for 4 acylphloroglucinols from E. piloselloides and their corresponding peracetylated derivatives, in order to draw structure-activity relationships. The most active compounds were the prenylated desaspidins elaphogayanin B and elaphopilosins A and B (LD 50 = 1.90, 2.90, and 0.94 ppm, respectively), together with the only evaluated prenylated para-aspidin, elaphopilosin C (LD 50 = 2.15 ppm). Quantitative structure-activity relationships (QSAR) were studied by means of a semiempirical method (PM3) for the 24 natural phloroglucinol derivatives included in this paper. The descriptor molecular volume was found to have good correlation with the observed molluscicidal activity (r 2 = 0.77). The derived equation can be considered useful to predict the molluscicidal activity of bi and tricyclic acylphloroglucinols. The QSAR analysis showed that there is an optimum volume for high activity, probably related to the size of a receptor's active site. Bigger molecules display lower activity.
Schistosomiasis, also known as bilharziasis, is a human parasitic disease that ranks second behind malaria in terms of prevalence, public health, and socio-economic relevance [1] . Bilharziasis shows a wide distribution in tropical and subtropical regions and is caused by trematodes of the genus Schistosoma [2] . This parasite has a complex life cycle where certain freshwater snails act as intermediate hosts [2] . For this reason, one way to reduce the risk of schistosomiasis transmission is to delink the life cycle of Schistosoma by controlling the intermediate host. In Argentina, the potential host of S. mansoni is the snail Biomphalaria peregrina (Orbignyi).
So far, the synthetic compound niclosamide is the only commercially available molluscicide recommended by the World Health Organization [3] . The inconveniences of niclosamide are that it is cost-intensive, toxic to non-target organisms like fish, and that it has long term persistence in the environment [4, 5] . This has given impetus to the search for new effective, less hazardous, and low-cost molluscicidal compounds such as plant natural products, as a tool for controlling the spread of schistosomiasis.
Among the natural products, the most potent molluscicidal agent against B. glabrata is the triterpenoid glycoside maesasaponin VI 2 , isolated from Maesa lanceolata [6] , with an LD 50 of 0.5 ppm (similar to niclosamide) followed by cyanolide B, a glycosidic macrolide from the cyanobacterium Lyngbya bouillonii, (LD 50 = 1 ppm [7] ).
In previous publications we reported on the molluscicidal effects of acylphloroglucinols from the fern Elaphoglossum piloselloides (C. Presl) T. Moore against the schistosomiasis vector snail B. peregrina [8, 9] . Two of the evaluated compounds, elaphopilosins A and B (1, 2), were fairly active with LD 50 = 2.9 and 0.94 ppm, respectively [8] . Based on the mentioned promising results and, in order to draw some structure-activity relationships, we now evaluated the molluscicidal activity of 12 known phloroglucinol derivatives that were previously isolated by us from E. piloselloides, E. gayanum (Fée) T. Moore, E. lindbergii (Mett. ex Kuhn) Rosenst., and E. yungense de la Sota. We also included in this study 3 known acylphloroglucinols that we isolated from an Argentine collection of the fern Dryopteris wallichiana (Spreng.) Hyl.. Molluscicidal effects of these 15 compounds were compared with those previously obtained for 4 natural acylphloroglucinols from E. piloselloides (1, 2, 6, and 7) and for their corresponding peracetylated derivatives (9-12, respectively) [8, 9] . All the mentioned fern species belong to the family Dryopteridaceae. Structures of the compounds included in this study are shown in Figure 1 . Elaphopilosins A-E (1, 2, and 5-7, respectively) were isolated from the sterile fronds and rhizomes of E. piloselloides [8, 9] . Elaphogayanins A and B (3 and 4) were obtained from the rhizomes of E. gayanum [9] . Lindbergins A-D (8 and 16-18) are natural products produced by E. lindbergii [10] . Yungensins A and C-F (21, 22, 19, 20, and 23, respectively) were obtained from the scaly rhizomes of the fern E. yungense [11] . Compounds 13-15 were isolated from D. wallichiana. The ground rhizomes of D. wallichiana were extracted twice with Et 2 O. The combined extracts were evaporated and the resulting gum further processed as described in the Experimental Section to afford albaspidin AA (13) and filixic acids ABA (14) and ABB (15) . The identification of these known acylphloroglucinols was accomplished by analysis of their spectroscopic features and comparison with literature data [12] . Phloroglucinol derivatives 13-15 were previously isolated from Japanese, Indian, and Mexican collections of D. wallichiana [13] . Tables 1  and 2 , respectively. There, it can be seen that compounds 8, 11, 12, 16-18, 21, and 22 show low or even no mortality at 50 ppm. LD 50 values for these compounds are higher than 50 ppm and were not established accurately.
As shown in Table 2 , the most active compounds are elaphopilosins A-C (1, 2, and 5) and elaphogayanin B (4). It seems that phloroglucinol derivatives formed by an acylfilicinic acid-type ring linked via a methylene bridge to an aspidinol (para-aspidins) or desaspidinol (desaspidins) moiety are fairly active (See Figure 2 for nomenclature details). For prenylated desaspidins (1) (2) (3) (4) , an oxohexyl residue attached to the desaspidinol ring makes the phloroglucinol derivative more active than an oxobutyl group. On the contrary, when the acylfilicinic acid-type ring of desaspidins (1-4) and ortho-desaspidins (6-8) has an oxobutyl group at C-6, the resulting acylphloroglucinol is more active than the corresponding derivative where an oxohexyl moiety is linked to C-6. For instance, elaphopilosins A and B (LD 50 = 2.90 and 0.94 ppm, respectively) are more active than elaphogayanins A and B (LD 50 = 5.9 and 1.9 ppm, respectively). 
----100 -76 14 --a From reference [9] .
Prenylated ortho-desaspidins (6, 7, and 8) are less active than their corresponding prenylated desaspidins (1, 2, and 4, respectively). This may mean that the hydroxyl group at C-4′ is needed for high activity. This fact is reinforced by the results obtained for compounds 21 and 23. Compound 21, where the OH group at C-4′ is compromised in forming a chromene ring, is innocuous at 50 ppm, whereas compound 23, in which the mentioned OH is free, has an LD 50 = 4.0 ppm and an LD 100 ≤ 10 ppm. Yungensin C (22), where the 4′-OH is also compromised in forming a chromene ring resulted, like compound 21, innocuous.
Yungensins D (19) and E (20) differ from each other in the length of the prenyl chain attached to the phloroglucinoltype ring. Comparing the results for both compounds it can be seen that a shorter chain at C-5′ leads to higher activity. Once again, this shows the significance of 4′-OH in the molluscicidal activity of compounds formed by an acylfilicinic acid-type ring and an aromatic ring. For filixic acids (14 and 15) , and prenylated derivatives of filixic acid (16) (17) (18) , the shorter the acyl residues, the higher the activity. It also seems that non-prenylated filixic acids (14 and 15) are more active than their prenylated counterparts (16) (17) (18) . Comparing albaspidin AA (13) with filixic acid ABA (14) , they display quite similar activity, although filixic acid ABA is slightly more active probably due to the presence of a phloroglucinol-type ring in its structure.
As previously observed [8, 9] , peracetylation of a phloroglucinol derivative leads to a reduction or loss of activity. This may be due to the fact that the hydroxyl groups, that apparently play a relevant role in activity, are blocked in the acetylated derivative. Although elaphopilosin B, our most potent molluscicidal phloroglucinol against B. peregrina, is not as active as the synthetic compound niclosamide or the natural product maesasaponin VI 2 , it represents a promising lead molluscicidal compound in the search for alternatives to the use of niclosamide.
A quantitative structure-activity relationship study (QSAR) was carried out in order to predict the molluscicidal activity of structurally related phloroglucinol derivatives against B. peregrina.
Geometries of the evaluated compounds were optimized by the MM2 method on Chem3D Ultra 8.0 [14] . Then, further optimization of the resulting geometries was accomplished by using MOPAC2009 software [15] at a PM3 level of theory. The output files provided some molecular descriptors such as heat of formation, molecular volume, dipolar moment, charges on selected atoms Different plots were obtained of the calculated physicochemical and structural parameters vs experimental LD 50 values in M. Statistical analysis indicated that molecular volume with a parabolic regression was the descriptor that best correlated the experimental activity with an r 2 = 0.77 ( Figure 3. Compounds 8, 13, 21 , and 22 had to be excluded). Then, median lethal doses (LD 50 ) were fitted with molecular volume (V) as follows.
LD 50 = 0.0024 × V 2 -3.26 × V + 1126 (n = 20, r 2 = 0.77)
Predicted LD 50 values were plotted against observed median lethal doses ( Figure 4 ). All 24 compounds were included in this figure.
These results can be rationalized as follows. Only molecules having a particular molecular volume can efficiently reach a receptor's active site for a supposed biological reaction. Bigger molecules are less suitable to interact with the protein and are therefore less active. The active site hypothesis is in accordance with the qualitative observations that indicate that the longer the prenyl or acyl chains, the lower the activity.
Experimental

General Experimental Procedures:
Column chromatography was carried out over silica gel 60 (70-230 Mesh) using an n-hexane-EtOAc gradient as mobile phase. The progress of column chromatography was monitored by TLC on aluminium plates precoated with silica gel 60 F 254 . Gel filtration chromatography was performed using Sephadex LH-20 and a mixture of CH 2 Cl 2 -MeOH (1:1) as eluent. NMR spectra were recorded on a Varian equipment at 500 MHz for 1 H and 125 MHz for 13 C, using acetone-d 6 as solvent and internal reference. 
Extraction and Isolation:
The air dried rhizomes of D. wallichiana (138 g) were ground and extracted with Et 2 O. The ether extract (10.9 g) was submitted to column chromatography over silica gel using an n-hexane-EtOAc gradient as mobile phase to yield an acylphloroglucinolcontaining fraction (388 mg). This fraction was first purified by gel filtration on Sephadex LH-20 to eliminate chlorophylls, and further processed by NPHPLC (85:15 n-hexane−EtOAc, 1 % HOAc, 3.5 mL/min) to give a fraction that yielded albaspidin AA (14.7 mg), filixic acid ABA (27.5 mg), and filixic acid ABB (6.4 mg) after HPLC processing (98:2 n-hexane−EtOAc, 0.4 % HOAc, 4.0 mL/min).
Molluscicidal activity assay [8]:
A solution of the sample to be evaluated was added to dechlorinated tap water in order to obtain the desired concentrations (50, 20, 15, 12.5, 10, 7.5, 5, 2.5, 2.0, 1.5, and 1 ppm) and a final volume of 20 mL. The solvents used to dissolve the samples were MeOH or a mixture of EtOAc and MeOH. The proportions of EtOAc and MeOH did not exceed 0.14 and 1.4%, respectively. Seven B. peregrina adult snails were deposited inside the solution. Each experiment was carried out in 3 replicates. After 24 h of exposure, mortality of the snails was assessed by control of heart beating and confirmed after a 24 h recovery period [1] . Two sets of control experiments were carried out. A 10 ppm solution of CuSO 4 was employed as the positive control and produced 100% mortality after 6 h of exposure. The negative controls were solutions of MeOH or EtOAc+MeOH in dechlorinated tap water (the amount of solvent in these solutions was equal to the highest volume added to water in order to prepare the dilutions of the samples). Lethal doses (LD 50 and LD 90 ) were calculated using a computer program [16] . The snails used in this assay were field-collected and laboratory acclimatized.
QSAR analysis:
As compounds 1-23 have a stereogenic carbon of unknown absolute configuration (C-4), two series of compounds were evaluated where the configuration at C-4 was R and S, respectively. For compound 22 that possesses 2 chiral centers (C-4 and C-2′), 2 structures were possible for each set with different configuration at C-2′. The descriptors for these two pairs of compounds were averaged for comparison with the other members of each series. The results obtained for both series were almost identical, then, we arbitrarily chose to present the complete analysis for the R series.
